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Description 


CONSTRUCTION OF ELECTROPHORETIC 
DISPLAYS 

Cross Reference to Related Applications 

[0001] This application claims benefit of copending Application 
Serial No. 60/319,919, filed January 31, 2003. The entire 
contents of this applications, and of all United States 
Patents, published applications and copending applica- 
tions mentioned below, are herein incorporated by refer- 
ence. 

Background of Invention 

[0002] This invention relates to construction of electrophoretic 

displays. More specifically, this invention relates to (a) en- 
capsulated electrophoretic displays in which a liquid 
phase is present outside the capsules; (b) an elec- 
trophoretic display which serves as an optical switch; and 
(c) novel arrangements for addressing electrophoretic dis- 
plays. Some aspects of the invention may be useful in 
non-electrophoretic electro-optic displays. 


[0003] The term "electro-optic" as applied to a material or a dis- 
play, is used herein in its conventional meaning in the 
imaging art to refer to a material having first and second 
display states differing in at least one optical property, the 
material being changed from its first to its second display 
state by application of an electric field to the material. Al- 
though the optical property is typically color perceptible 
to the human eye, it may be another optical property, 
such as optical transmission, reflectance, luminescence 
or, in the case of displays intended for machine reading, 
pseudo-color in the sense of a change in reflectance of 
electromagnetic wavelengths outside the visible range. 

[0004] Electrophoretic displays have been the subject of intense 
research and development for a number of years. Such 
displays can have attributes of good brightness and con- 
trast, wide viewing angles, state bistability, and low power 
consumption when compared with liquid crystal displays. 
(The terms "bistable" and "bistability" are used herein in 
their conventional meaning in the art to refer to displays 
comprising display elements having first and second dis- 
play states differing in at least one optical property, and 
such that after any given element has been driven, by 
means of an addressing pulse of finite duration, to as- 


sume either its first or second display state, after the ad- 
dressing pulse has terminated, that state will persist for at 
least several times, for example at least four times, the 
minimum duration of the addressing pulse required to 
change the state of the display element. It is shown in U.S 
Published Application No. 2002/0180687 that some par- 
ticle-based electrophoretic displays capable of gray scale 
are stable not only in their extreme black and white states 
but also in their intermediate gray states, and the same is 
true of some other types of electro-optic displays. This 
type of display is properly called "multi-stable" rather 
than bistable, although for convenience the term 
"bistable" may be used herein to cover both bistable and 
multi-stable displays.) Nevertheless, problems with the 
long-term image quality of these displays have prevented 
their widespread usage. For example, particles that make 
up electrophoretic displays tend to settle, resulting in in- 
adequate service-life for these displays. 
[0005] Numerous patents and applications assigned to or in the 
names of the Massachusetts Institute of Technology (MIT) 
and E Ink Corporation have recently been published de- 
scribing encapsulated electrophoretic media. Such encap- 
sulated media comprise numerous small capsules, each of 


which itself comprises an internal phase containing elec- 
trophoretically-mobile particles suspended in a liquid 
suspension medium, and a capsule wall surrounding the 
internal phase. Typically, the capsules are themselves held 
within a polymeric binder to form a coherent layer posi- 
tioned between two electrodes. Encapsulated media of 
this type are described, for example, in U.S. Patents Nos. 
D485.294; 5,930,026; 5,961,804; 6,017,584; 6,067,185; 
6,118,426; 6,120,588; 6,120,839; 6,124,851; 6,130,773; 
6,130,774; 6,172,798; 6,177,921; 6,232,950; 6,249,721; 
6,252,564; 6,262,706; 6,262,833; 6,300,932; 6,312,304; 
6,312,971; 6,323,989; 6,327,072; 6,376,828; 6,377,387; 
6,392,785; 6,392,786; 6,413,790; 6,422,687; 6,445,374; 
6,445,489; 6,459,418; 6,473,072; 6,480,182; 6,498,114; 
6,504,524; 6,506,438; 6,512,354; 6,515,649; 6,518,949; 
6,521,489; 6,531,997; 6,535,197; 6,538,801; 6,545,291; 
6,580,545; 6,639,578; 6,652,075; 6,657,772; 6,664,944; 
6,680,725; and 6,683,333; and U.S. Patent Applications 
Publication Nos. 2002/0019081; 2002/0021270; 
2002/0053900; 2002/0060321; 2002/0063661; 
2002/0063677; 2002/0090980; 2002/0106847; 
2002/0113770; 2002/0130832; 2002/0131147; 
2002/0145792; 2002/0171910; 2002/0180687; 


2002/0180688; 2002/0185378; 2003/0011560; 
2003/0011868; 2003/0020844; 2003/0025855; 
2003/0034949; 2003/0038755; 2003/0053189; 
2003/0076573; 2003/0096113; 2003/0102858; 
2003/0132908; 2003/0137521; 2003/0137717; 
2003/0151702; 2003/0189749; 2003/0214695; 
2003/0214697 and 2003/0222315; and International Ap- 
plications Publication Nos. WO 99/67678; WO 00/05704; 
WO 00/38000; WO 00/38001; WO 00/36560; WO 
00/67110; WO 00/67327; WO 01/07961; WO 01/08241; 
WO 03/092077; WO 03/104884; and WO 03/107315. 
[0006] Known electrophoretic media, both encapsulated and un- 
encapsulated, can be divided into two main types, referred 
to hereinafter for convenience as "single particle" and 
"dual particle" respectively. A single particle medium has 
only a single type of electrophoretic particle suspended in 
a suspending medium, at least one optical characteristic 
of which differs from that of the particles. (In referring to 
a single type of particle, we do not imply that all particles 
of the type are absolutely identical. For example, provided 
that all particles of the type possess substantially the 
same optical characteristic and a charge of the same po- 
larity, considerable variation in parameters such as parti- 


cle size and electrophoretic mobility can be tolerated 
without affecting the utility of the medium.) When such a 
medium is placed between a pair of electrodes, at least 
one of which is transparent, depending upon the relative 
potentials of the two electrodes, the medium can display 
the optical characteristic of the particles (when the parti- 
cles are adjacent the electrode closer to the observer, 
hereinafter called the "front" electrode) or the optical 
characteristic of the suspending medium (when the parti- 
cles are adjacent the electrode remote from the observer, 
hereinafter called the "rear" electrode) so that the particles 
are hidden by the suspending medium. 
[0007] a dual particle medium has two different types of particles 
differing in at least one optical characteristic and a sus- 
pending fluid which may be uncolored or colored, but 
which is typically uncolored. The two types of particles 
differ in electrophoretic mobility; this difference in mobil- 
ity may be in polarity (this type may hereinafter be re- 
ferred to as an "opposite charge dual particle" medium) 
and/or magnitude. When such a dual particle medium is 
placed between the aforementioned pair of electrodes, 
depending upon the relative potentials of the two elec- 
trodes, the medium can display the optical characteristic 


of either set of particles, although the exact manner in 
which this is achieved differs depending upon whether the 
difference in mobility is in polarity or only in magnitude. 
For ease of illustration, consider an electrophoretic 
medium in which one type of particles is black and the 
other type white. If the two types of particles differ in po- 
larity (if, for example, the black particles are positively 
charged and the white particles negatively charged), the 
particles will be attracted to the two different electrodes, 
so that if, for example, the front electrode is negative rel- 
ative to the rear electrode, the black particles will be at- 
tracted to the front electrode and the white particles to 
the rear electrode, so that the medium will appear black 
to the observer. Conversely, if the front electrode is posi- 
tive relative to the rear electrode, the white particles will 
be attracted to the front electrode and the black particles 
to the rear electrode, so that the medium will appear 
white to the observer. 
[0008] if the two types of particles have charges of the same po- 
larity, but differ in electrophoretic mobility (this type of 
medium may hereinafter to referred to as a "same polarity 
dual particle" medium), both types of particles will be at- 
tracted to the same electrode, but one type will reach the 


electrode before the other, so that the type facing the ob- 
server differs depending upon the electrode to which the 
particles are attracted. For example suppose the previous 
illustration is modified so that both the black and white 
particles are positively charged, but the black particles 
have the higher electrophoretic mobility. If now the front 
electrode is negative relative to the rear electrode, both 
the black and white particles will be attracted to the front 
electrode, but the black particles, because of their higher 
mobility will reach it first, so that a layer of black particles 
will coat the front electrode and the medium will appear 
black to the observer. Conversely, if the front electrode is 
positive relative to the rear electrode, both the black and 
white particles will be attracted to the rear electrode, but 
the black particles, because of their higher mobility will 
reach it first, so that a layer of black particles will coat the 
rear electrode, leaving a layer of white particles remote 
from the rear electrode and facing the observer, so that 
the medium will appear white to the observer: note that 
this type of dual particle medium requires that the sus- 
pending fluid be sufficiently transparent to allow the layer 
of white particles remote from the rear electrode to be 
readily visible to the observer. Typically, the suspending 


fluid in such a display is not colored at all, but some color 
may be incorporated for the purpose of correcting any 
undesirable tint in the white particles seen therethrough. 

[0009] B 0 th single and dual particle electrophoretic displays may 
be capable of intermediate gray states having optical 
characteristics intermediate the two extreme optical states 
already described. 

[0010] Some of the aforementioned patents and published appli- 
cations disclose encapsulated electrophoretic media hav- 
ing three or more different types of particles within each 
capsule. For purposes of the present application, such 
multi-particle media are regarded as sub-species of dual 
particle media. 

[0011] Also, many of the aforementioned patents and applica- 
tions recognize that the walls surrounding the discrete 
microcapsules in an encapsulated electrophoretic medium 
could be replaced by a continuous phase, thus producing 
a so-called polymer-dispersed electrophoretic display, in 
which the electrophoretic medium comprises a plurality of 
discrete droplets of an electrophoretic fluid and a contin- 
uous phase of a polymeric material, and that the discrete 
droplets of electrophoretic fluid within such a polymer- 
dispersed electrophoretic display may be regarded as 


capsules or microcapsules even though no discrete cap- 
sule membrane is associated with each individual droplet; 
see for example, the aforementioned 2002/0131147. Ac- 
cordingly, for purposes of the present application, such 
polymer-dispersed electrophoretic media are regarded as 
sub-species of encapsulated electrophoretic media. 

[0012] a related type of electrophoretic display is a so-called "mi- 
crocell electrophoretic display". In a microcell elec- 
trophoretic display, the charged particles and the sus- 
pending fluid are not encapsulated within microcapsules 
but instead are retained within a plurality of cavities 
formed within a carrier medium, typically a polymeric film. 
See, for example, International Application Publication No. 
WO 02/01281, and published US Application No. 
2002/0075556, both assigned to Sipix Imaging, Inc. 

[0013] Although electrophoretic media are often opaque (since, 
for example, in many electrophoretic media, the particles 
substantially block transmission of visible light through 
the display) and operate in a reflective mode, many elec- 
trophoretic displays can be made to operate in a so-called 
"shutter mode" in which one display state is substantially 
opaque and one is light-transmissive. See, for example, 
the aforementioned U.S. Patents Nos. 6,130,774 and 


6,172,798, and U.S. Patents Nos. 5,872,552; 6,144,361; 
6,271,823; 6,225,971; and 6,184,856. Dielectrophoretic 
displays, which are similar to electrophoretic displays but 
rely upon variations in electric field strength, can operate 
in a similar mode; see U.S. Patent No. 4,418,346. 
[0014] An encapsulated or microcell electrophoretic display typi- 
cally does not suffer from the clustering and settling fail- 
ure mode of traditional electrophoretic devices and pro- 
vides further advantages, such as the ability to print or 
coat the display on a wide variety of flexible and rigid 
substrates. (Use of the word "printing" is intended to in- 
clude all forms of printing and coating, including, but 
without limitation: pre-metered coatings such as patch 
die coating, slot or extrusion coating, slide or cascade 
coating, curtain coating; roll coating such as knife over 
roll coating, forward and reverse roll coating; gravure 
coating; dip coating; spray coating; meniscus coating; 
spin coating; brush coating; air knife coating; silk screen 
printing processes; electrostatic printing processes; ther- 
mal printing processes; ink jet printing processes; and 
other similar techniques.) Thus, the resulting display can 
be flexible. Further, because the display medium can be 
printed (using a variety of methods), the display itself can 


be made inexpensively. 
[0015] one major reason why encapsulated electrophoretic dis- 
plays can be produced inexpensively by printing pro- 
cesses is that the electrophoretic medium itself has sub- 
stantial mechanical strength and cohesion; typically, in 
prior art encapsulated electrophoretic displays, the indi- 
vidual capsules are bound together by a polymeric binder 
to increase the cohesion of the layer. Thus, not only can 
the display medium itself be printed, but as described in 
U.S. Patent No. 6,177,921, an electrode may be formed by 
printing a conductive material directly on to the elec- 
trophoretic medium; alternatively, an electrode pre- 
formed on a substrate can be laminated on to the elec- 
trophoretic medium, which is able to withstand the heat 
and pressure required for such lamination without dam- 
age. In such printed or laminated structures, the mechani- 
cal strength and cohesion of the electrophoretic medium 
maintain the requisite spacing between the electrodes 
disposed on either side of the medium without any need 
for mechanical spacers or similar devices to control this 
spacing. Accordingly, if the electrodes (and any substrates 
attached thereto) are flexible, the encapsulated elec- 
trophoretic display can be curved or rolled without affect- 


ing the display qualities of the device; see, for example, 
Drzaic et al., A Printed and Rollable Bistable Electronic 
Display SID (Society for Information Display) 98 Digest, 
page 1131 (1998), which illustrates a flexible encapsu- 
lated electrophoretic display being rolled around a pencil 
without damage. 
[0016] Although provision of a solid polymeric binder around the 
capsules in such a display is effective in forming the cap- 
sules into a layer with substantial mechanical cohesion, 
the presence of such a polymeric binder in the final dis- 
play does give rise to certain problems, especially when 
the display is to be used for an extended period of per- 
haps several years. Since the polymeric binder has to be 
present between the electrodes of the display, any 
changes in the properties of the binder due to environ- 
mental changes affect the electrical characteristics of the 
display, and the electrical properties of many polymeric 
binders can change by more than an order of magnitude 
over the operating temperature range of many elec- 
trophoretic displays. Similarly, many polymeric binders are 
sensitive to humidity and their electrical properties un- 
dergo substantial changes within the humidity range over 
which electrophoretic displays may be required to oper- 


ate. 

[0017] a further problem with electrophoretic displays using 

polymeric binders is that such displays are thermodynam- 
ically only metastable. Typically, such displays will com- 
prise electrically charged electrophoretic particles dis- 
persed in a hydrocarbon based suspending fluid, which is 
itself encapsulated within a capsule wall formed from a 
hydrophilic material. The hydrophilic capsule wall is itself 
surrounded by the polymeric binder. It will readily be ap- 
parent to those skilled in physical chemistry and thermo- 
dynamics that in such a complex system there is substan- 
tial potential of migration of species between the various 
phases as the system tends towards thermodynamic equi- 
librium. For example, many polymeric binders have a sub- 
stantial capacity to absorb hydrocarbon solvents, so there 
is a tendency for such solvents to migrate from within the 
capsules into the polymeric binder, with resultant changes 
in the electrical properties of the binder. Perhaps more 
importantly, many binders contain relatively small 
molecules, such as residues of curing agents and addi- 
tives used to improve the storage stability of binders, and 
these small molecules can migrate from the binder into 
the suspending fluid within the capsules. Although the 


amounts of such small molecules migrating into the sus- 
pending fluid are small, they can potentially have sub- 
stantial effects upon the electrophoretic properties of the 
particles in the suspending fluid; the electrophoretic 
properties of the particles depend upon maintenance of 
relatively small charges on the particles, and even minute 
amounts of some small molecules, and especially ionic 
species, can have significant effects on the charges of the 
particles. 

[0018] it has now been realized that the problems associated 

with the use of polymeric binders in electrophoretic dis- 
plays can be reduced or eliminated by replacing the poly- 
meric binder with a liquid, preferably a liquid having a 
composition similar to that of the suspending fluid of the 
display, and in one aspect this invention relates to elec- 
trophoretic media and displays using such liquid 
"binders". 

[0019] This invention also relates to an optical switch based upon 
electrophoretic or dielectrophoretic motion of particles. 

[0020] This invention also relates to novel electrode arrange- 
ments for use in electrophoretic displays. 
Summary of Invention 

[0021] Accordingly, in one aspect this invention provides an elec- 


trophoretic display comprising: 
[0022] a Mght-transmissive front substrate; 

[0023] a rear substrate spaced from the front substrate so as to 
leave at least one sealed cavity therebetween; and 

[0024] an electrophoretic medium disposed in the at least one 
sealed cavity, the electrophoretic medium comprising a 
liquid and a plurality of capsules suspended in the liquid, 
each of the capsules comprising a capsule wall, a sus- 
pending fluid held within the capsule wall and at least one 
electrically charged particle suspended in the suspending 
fluid so as to be capable of moving therethrough on ap- 
plication of an electric field to the electrophoretic 
medium. 

[0025] jhe term "Mght-transmissive" is used herein to mean that 
the substrate or other layer thus designated transmits 
sufficient light to enable an observer, looking through 
that substrate or layer, to observe the change in electro-op- 
tic states of the electrophoretic medium, which will be 
normally be viewed through the substrate or other Mght- 
transmissive layer. For obvious reasons, it is desirable that 
the Mght-transmissive substrate be as transparent as pos- 
sible, and typically this substrate will be formed of glass 
or a transparent polymer. 


[0026] Hereinafter, the liquid in which the capsules are sus- 
pended may be referred to as the "liquid external phase" 
in order to distinguish it from the liquid which is typically 
present as the suspending fluid within the capsules. 

[° 027 ] In such an electrophoretic display, at least one of the front 
and rear substrates will typically be provided with an elec- 
trode arranged to apply an electric field to the elec- 
trophoretic medium. The electrophoretic displays may 
make use of the conventional electrode arrangement in 
which the front substrate is provided with a single elec- 
trode extending across the display, and the rear electrode 
is provided with a plurality of discrete electrodes. 

[0028] | n this electrophoretic display, the liquid external phase 
may have substantially the same composition as the sus- 
pending fluid; for example, the liquid external phase and 
the suspending fluid may both comprise a hydrocarbon 
solvent, or a mixture of a hydrocarbon solvent and a halo- 
carbon. For reasons explained below, it is generally desir- 
able that the liquid external phase have a greater viscosity 
than the suspending fluid, and that the liquid external 
phase be substantially iso-osmotic with the suspending 
fluid. 

[0029] | n contrast to the liquid polymerizable binders used at an 


intermediate stage in the manufacture of the encapsulated 
electrophoretic displays described in the aforementioned 
E Ink and MIT patents and applications, the liquid external 
phases used in the electrophoretic displays of the present 
invention are typically intended to remain liquid indefi- 
nitely, and hence are desirably kept essentially free from 
polymerizable species. 

[0030] The electrophoretic display of the present invention may 
be of any of the single particle or dual particle types pre- 
viously described, although dual particle displays are gen- 
erally preferred. Thus, in the present electrophoretic dis- 
play, each of the capsules may comprise at least one first 
type of electrically charged particle suspended in the sus- 
pending fluid and at least one second type of electrically 
charged particle suspended in the suspending fluid, the 
second type of particle having at least one optical charac- 
teristic differing from that of the first type of particle, the 
second type of particle also having an electrophoretic mo- 
bility differing from that of the first type of particle. The 
first and second types of particles may bear charges of 
opposite polarities. 

[0031] The present invention also provides an electrophoretic 

medium comprising a liquid ("liquid external phase") and 


a plurality of capsules suspended in the liquid, each of the 
capsules comprising a capsule wall, a suspending fluid 
held within the capsule wall and at least one electrically 
charged particle suspended in the suspending fluid so as 
to be capable of moving therethrough on application of an 
electric field to the electrophoretic medium, the liquid be- 
ing essentially free from polymerizable species. 

[0032] For reasons already discussed, in such an electrophoretic 
medium the liquid external phase may have substantially 
the same composition as the suspending fluid, may have a 
greater viscosity than the suspending fluid, and may be 
substantially iso-osmotic with the suspending fluid. 

[0033] The present invention also provides a process for forming 
an electrophoretic display as previously described. This 
process comprises: 

[0034] providing a front light-transmissive substrate and a rear 
substrate spaced from the front substrate so as to leave at 
least one cavity therebetween, at least one of the front 
and rear substrates having walls defining an aperture 
connecting the at least one cavity to the exterior surface 
of at least one of the front and rear substrates; 

[0035] providing an electrophoretic medium comprising a liquid 
and a plurality of capsules suspended in the liquid, each 


of the capsules comprising a capsule wall, a suspending 
fluid held within the capsule wall and at least one electri- 
cally charged particle suspended in the suspending fluid 
so as to be capable of moving therethrough on application 
of an electric field to the electrophoretic medium; and 

[0036] introducing the electrophoretic medium via the aperture 
into the at least one cavity. 

[0037] | n t his process, after the electrophoretic medium has been 
introduced into the at least one cavity, the aperture may 
be sealed. In one preferred form of the process, prior to 
the introduction of the electrophoretic medium, the at 
least one cavity is substantially evacuated, and the intro- 
duction of the electrophoretic medium into the at least 
one cavity is effected by contacting the aperture with a 
quantity of the electrophoretic medium under a pressure 
greater than that in the substantially evacuated at least 
one cavity. 

[0038] | n another aspect, this invention provides an optical 

switch comprising: 
[0039] a cladding; 

[0040] a core having an external surface, a first portion of the 

external surface being covered by the cladding and a sec- 
ond portion of the external surface not being covered by 


the cladding; and 

[0041] an electrophoretic medium in contact with the second 
portion of the external surface, the electrophoretic 
medium comprising a suspending fluid and a plurality of 
electrically charged particles suspended in the suspending 
fluid and capable of moving therethrough on application 
of an electric field to the electrophoretic medium, the par- 
ticles having a refractive index differing from that of the 
suspending fluid. 

[0042] | n this optical switch, the core may have substantially the 
form of a polygonal prism, with the second portion of the 
external surface comprising one of the flat faces of the 
polygonal prism. The optical switch may further comprise 
means for applying an electric field to the electrophoretic 
medium, the electric field means being arranged to move 
the particles between a first position, in which the parti- 
cles lie adjacent the second portion of the external surface 
of the core, and a second position, in which the particles 
are spaced from the second portion of the external sur- 
face, the refractive indices of the particles and the sus- 
pending fluid being arranged so that in one of the first 
and second positions light passing along the core passes 
into the electrophoretic medium and in the other of the 


first and second positions light passing along the core re- 
mains within the core. Alternatively, the optical switch 
may further comprising means for applying an electric 
field to the electrophoretic medium, the electric field 
means being arranged to move the particles between a 
first position, in which the particles lied adjacent the sec- 
ond portion of the external surface of the core, and a sec- 
ond position, in which the particles are spaced from the 
second portion of the external surface, the refractive in- 
dices of the particles and the suspending fluid being ar- 
ranged so that in both the first and second positions light 
passing along the core remains within the core, but that 
transition from the first to the second position causes a 
phase shift in the light. 
[0043] This invention also provides an optical switch comprising: 

[0044] a waveguide having walls defining a cavity therein; 

[0045] an electrophoretic medium disposed within the cavity, the 
electrophoretic medium comprising a suspending fluid 
and a plurality of electrically charged particles suspended 
in the suspending fluid and capable of moving 
therethrough on application of an electric field to the 
electrophoretic medium, the particles having a dielectric 


constant differing from that of the suspending fluid; and 
[0046] a t least one electrode disposed adjacent the cavity and ar- 
ranged to apply an electric field to the electrophoretic 
medium, thereby moving the particles between a first po- 
sition, in which the particles obstruct transmission of light 
through the cavity, and a second position, in which the 
particles permit transmission of light through the cavity. 
[0047] Finally, this invention provides an electrophoretic display 

comprising: 
[0048] a Mght-transmissive front substrate; 

[0049] a rear substrate spaced from the front substrate so as to 
leave a cavity therebetween, the cavity having a front wall 
adjacent the front substrate, a rear wall adjacent the rear 
substrate and at least one side wall extending from the 
front wall to the rear wall; 

[0050] an electrophoretic medium disposed within the cavity, the 
electrophoretic medium comprising a suspending fluid 
and a plurality of electrically charged particles suspended 
in the suspending fluid and capable of moving 
therethrough on application of an electric field to the 
electrophoretic medium; 

[0051] a t least one electrode disposed on the at least one side 
wall of the cavity; and 


[0052] means for applying a voltage to the at least one electrode 
and thereby moving the particles between a first position, 
in which the particles are dispersed through the cavity, 
thereby preventing light from passing through the cavity, 
and a second position, in which the particles lie adjacent 
the at least one electrode, thereby permitting light to pass 
through the cavity. 
Brief Description of Drawings 

[0053] Figure 1 of the accompanying drawings is a schematic 

section through an electrophoretic display of the present 

invention having a liquid external phase. 
[0054] Figure 2 is a schematic section through a first optical 

switch of the present invention. 
[0055] Figure 3 illustrates schematically an optical switch of the 

present invention used in a Mach-Zender interferometer. 
[0056] Figure 4 is a schematic section through a second optical 

switch of the present invention, this optical switch making 

use of dielectrophoretic movement of particles. 
[0057] Figure 5 is a schematic section through a second, shutter 

mode electrophoretic display of the present invention. 
Detailed Description 


[0058] As already indicated, the present invention has three prin- 


cipal aspects, namely electrophoretic displays using liquid 
external phases, optical switches using electrophoretic 
media, and electrophoretic displays having electrodes dis- 
posed on side walls extending between the front and rear 
substrates of the display. These three principal aspects of 
the present invention will now be discussed separately, al- 
though it should be understood that a single apparatus 
may make use of more than one of these principal as- 
pects; for example, optical switches according to the sec- 
ond principal aspect of the invention may make use of 
electrophoretic displays having side wall electrodes in ac- 
cordance with the third principal aspect. 
[0059] Section A : Electrophoretic Displays Using Liquid External Phase 

[0060] As already indicated, in one principal aspect this invention 
provides an encapsulated electrophoretic medium com- 
prising a plurality of capsules, each of the capsules com- 
prising a capsule wall, a suspending fluid retained within 
the capsule wall and a plurality of electrophoretic particles 
suspended in the suspending fluid and capable of moving 
therethrough on application of an electric field to the 
medium. The medium also comprises a liquid external 
phase (or "binder") surrounding the capsules. 

[0061] | n a preferred form of this medium, the liquid external 


phase has substantially the same composition as the sus- 
pending fluid within the capsules. Thus, if, as will typically 
be the case, the suspending fluid is a hydrocarbon, alone 
or in combination with a halocarbon, the external phase 
may also be a hydrocarbon, alone or in combination with 
a halocarbon. Additives such as surfactants and charge 
control agents present in the suspending fluid may also 
be included in the external phase to prevent any tendency 
for such additives to migrate from the suspending fluid 
into the external phase. 
[0062] However, although the liquid external phase preferably 

has substantially the same composition as the suspending 
fluid, it will usually be desirable for the external phase to 
have a higher viscosity than the suspending fluid. It has 
been found empirically that if a slurry of capsules in a liq- 
uid is pumped or otherwise forced into a narrow cavity, as 
for example when such a slurry is being slot coated or die 
coated to produce an electrophoretic medium of the 
present invention, the capsules tend to separate from the 
external phase if the external phase does not have the 
correct rheological properties. Appropriate viscosity mod- 
ifiers for use in the external phase are described for ex- 
ample in copending Application Serial No. 09/564,125, 


filed May 3, 2000 in the name of Craig Herb et al. It 
should be noted that, since it generally desirable that the 
liquid external phase be substantially iso-osmotic with 
the suspending fluid (to prevent migration of liquids into 
or out of the capsules, since such migration may have un- 
desirable effects upon the composition of the suspending 
fluid), if a viscosity modifier is included in the external 
phase, it may be necessary to "balance" the compositions 
of the suspending fluid and the external phase to ensure 
they remain substantially iso-osmotic. 
[0063] As described in the aforementioned E Ink and MIT patents 
and published applications, the basic process for forming 
the prior art encapsulated electrophoretic media is as fol- 
lows. An internal phase is formed comprising the hydro- 
carbon-based suspending fluid and the electrophoretic 
particles, together with any additives, such as surfactants 
and charge control agents, deemed desirable. This inter- 
nal phase is dispersed as droplets in an aqueous medium 
and encapsulated in a hydrophilic material. The resultant 
capsules are separated from the aqueous medium and the 
fraction of capsules within the desired size range is sepa- 
rated and excess water removed therefrom. The capsules 
are mixed with a polymeric binder to form a slurry, which 


is then coated on to a substrate and the binder dried and 
cured to form an electrophoretic medium. 
[0064] The liquid external phase electrophoretic medium of the 
present invention can be manufactured by a simple modi- 
fication of this prior art procedure. The preparation of the 
internal phase, the encapsulation and the fractionation of 
the capsules can all be conducted in the same way as be- 
fore. Excess water is again removed, although it may be 
desirable to effect more thorough drying of the capsules 
at this stage since there is no later drying/curing stage at 
which further removal of water can be effected. Thorough 
drying of the capsules may be effected in an oven or by 
washing the capsules with a water-miscible, volatile sol- 
vent. The dried capsules are then mixed with the liquid 
external phase. Although the resultant slurry of capsules 
in external phase could be coated on one substrate and 
covered with a second substrate in the same way as the 
prior art process using a polymeric binder as the external 
phase, such a process is likely to lead to the introduction 
of undesirable air bubbles into the display. Accordingly, in 
general it is preferred that the slurry of capsules in exter- 
nal phase be introduced into a preformed support/elec- 
trode structure (comprising at least the front and rear 


substrates of the final display) similar to those used to 
liquid crystal displays (except of course that elec- 
trophoretic displays do not require the presence of align- 
ment or "rubbing" layers). The support/electrode structure 
comprises two parallel substrates or plates, typically bear- 
ing electrodes on their facing surfaces, at least one of the 
plates and its associated electrode being light— 
transmissive and preferably substantially transparent, and 
the plates being sealed to each other around their periph- 
eries, except for a small aperture or gap. Typically, spac- 
ers, either in the form of discrete particles or ridges or 
other projections on one or both of the plates, are pro- 
vided to keep the plates a constant distance apart over the 
whole area of the display, although it may be possible to 
omit such spacers in small displays. The support/elec- 
trode structure is first substantially evacuated by being 
placed under vacuum, and is then placed with the gap in 
the peripheral seal immersed in a bath of the capsules/ex- 
ternal phase slurry, so that the slurry is drawn into and 
fills the space between the plates. The gap is then sealed. 
It will be apparent to those skilled in the manufacture of 
liquid crystal displays that this process closely resembles 
that commonly used to fill such displays, and hence that 


apparatus developed for use in filling liquid crystal dis- 
plays may be useful in manufacturing the displays of the 
present invention. 
[0065] The aforementioned E Ink and MIT patents and applica- 
tions note that, in the prior art displays using curable 
binders, it is important to control the ratio of binder to 
capsules in order to optimize the electro-optic properties 
of the final display; too large a proportion of binder may 
leave areas of the display occupied only by the binder, and 
since such areas cannot change optical state, they reduce 
the contrast ratio of the display. On the other hand, too 
low a proportion of binder may reduce the mechanical in- 
tegrity of the electrophoretic layer. The ideal form of elec- 
trophoretic layer appears to be a substantially close- 
packed single layer of capsules. Somewhat similar consid- 
erations apply to the electrophoretic media and displays 
of the present invention. Too large a proportion of exter- 
nal liquid phase may leave areas unoccupied by capsules 
and hence reduce the contrast ratio of the display. Too 
small a proportion of external liquid phase may yield an 
electrophoretic medium which can only with difficulty be 
introduced between the front and rear substrates. The op- 
timum ratio of capsules to external liquid phase for any 


specific electrophoretic display of the present invention is 
best determined empirically, although by way of general 
guidance a starting point of 60:40 v/v capsules:external 
liquid phase may be appropriate. 
[0066] There is another parameter of importance in the elec- 
trophoretic displays of the present invention which has no 
counterpart in electrophoretic media using solid binders, 
namely the ratio of average capsule diameter to the spac- 
ing between the front and rear substrates. Obviously, the 
capsules should not be too large or it will be difficult, if 
not impossible, to introduce them between the substrates. 
On the other hand, use of capsules which are too small 
will lead to the formation of multiple layers of capsules 
between the substrates instead of the desired close- 
packed single layer. The choice of capsule diameter is 
complicated by the variable deformability of elec- 
trophoretic capsules, since such deformability means that 
the capsules tend to form ellipsoids and the effective di- 
ameter of the capsules entering between the substrates is 
less than the diameter typically measured on spherical 
capsules. Again, the optimum ratio of capsule diameter to 
substrate spacing is best determined empirically, but by 
way of general guidance a capsule diameter within +/- 25 


per cent of the substrate spacing is recommended as a 
starting point, with the optimum capsule diameter in- 
creasing with capsule deformability. 
[0067] As already mentioned, unlike the liquid but curable 

binders used in the processes for forming electrophoretic 
displays described in some of the aforementioned E Ink 
and MIT patents and applications, the liquid external 
phases used in the electrophoretic displays of the present 
invention are typically intended to remain liquid indefi- 
nitely, throughout the working life of the display, and 
hence typically will be free from the polymerizable or cur- 
able species present in the prior art curable binders. How- 
ever, we do not absolutely exclude the presence of such 
polymerizable or curable species in the present displays, 
since in certain applications it may be convenient to have 
such species present so that, after the display has been 
filled with the liquid electrophoretic medium and sealed, 
the liquid external phase can be converted to either a 
solid or a high viscosity liquid or gel by, for example, ex- 
posing the completed display to radiation or heat effective 
to polymerize or cure a species present in the liquid ex- 
ternal phase. Such solidification, gelling or increase in vis- 
cosity of the liquid external phase may be useful in, for 


example, improving the mechanical robustness of the dis- 
play or preventing any tendency for capsules to move 
within the display, for example when the display is held 
for a long period in a vertical orientation. 
[0068] The preferred electrophoretic display (generally designed 
100) of the present invention shown in Figure 1 comprises 
an encapsulated electrophoretic medium (generally desig- 
nated 102) comprising a plurality of capsules 104, each of 
which contains a suspending liquid 106 and dispersed 
therein a plurality of a first type of particle 108, which for 
purposes of illustration will be assumed to be black, and a 
plurality of a second type of particle 110, which for pur- 
poses of illustration will be assumed to be white. The par- 
ticles 108 are electrophoretically mobile and may be 
formed of carbon black, while the particles 110 are also 
electrophoretically mobile and may be formed of titania. 
In the following description, it will be assumed that the 
particles 108 are positively charged, and the particles 110 
negatively charged. (The triangular shape of the particles 
108, and the circular shapes of the particles 110, are used 
purely to way of illustration to enable the two types of 
particles to be distinguished easily, and in no way corre- 
spond to the physical forms of the actual particles, which 


are typically substantially spherical.) 

[0069] The display 100 further comprises a front substrate in the 
form of a transparent glass plate 112, which forms a 
viewing surface through which an observer views the dis- 
play. The plate 112 bears on its inward surface (the lower 
surface as illustrated in Figure 1) a common front elec- 
trode 114, which extends across the entire area of the 
display 100. The display 100 also comprises a rear sub- 
strate in the form of a glass plate 116, which bears on its 
inward surface (the upper surface as illustrated in Figure 
1) a plurality of discrete rear electrodes 118, each of 
which defines one pixel of the display 100. The glass 
plates 112 and 116 are spaced apart so as to define a 
cavity therebetween. For ease of illustration and compre- 
hension, Figure 1 shows only three capsules 104 in the 
pixel defined by a single rear electrode 118, although in 
practice a large number (20 or more) capsules are nor- 
mally used for each pixel. The voltage applied to each of 
the rear electrodes 118 can be independently controlled 
using an active matrix drive scheme of the type which will 
be familiar to those skilled in the technology of liquid 
crystal displays. 

[0070] The capsules 102 are surrounded by a liquid external 


phase 120, which has substantially the same composition 
as the suspending liquid 106 within the capsules 102. The 
spacing between the plates 112 and 116 is maintained 
constant by spacers 122, which are randomly distributed 
throughout the display 100. Although not shown in Figure 
1, the plates 112 and 116 are sealed to each other around 
their peripheries to prevent the liquid external phase 120 
flowing out of the display 100. 

[0071] Figure 1 shows the display 100 with the front electrode 
114 positively charged relative to the rear electrode 118 
of the central illustrated pixel. The positively charged par- 
ticles 108 are held electrostatically adjacent the rear elec- 
trode 118, while the negatively charged particles 110 are 
held electrostatically against the front electrode 114. Ac- 
cordingly, an observer viewing the display 100 through 
the front plate 112 sees a white pixel, since the white par- 
ticles 110 are visible and hide the black particles 108. 

[0072] |f j n t he display 100 the front electrode 114 is made neg- 
atively charged relative to the rear electrode 118 of the 
central illustrated pixel, the positively charged particles 
108 are now electrostatically attracted to the negative 
front electrode 114, while the negatively charged particles 
110 are electrostatically attracted to the positive rear 


electrode 118. Accordingly, the particles 108 move adja- 
cent the front electrode 114, and the pixel displays the 
black color of the particles 108, which hide the white par- 
ticles 110. 

[0073] From the foregoing, it will be seen that this aspect of the 
present invention provides an electrophoretic medium and 
display which can use a reduced number of materials, and 
which reduces or eliminates problems associated with the 
use of solid polymeric binders. Preferred processes for 
manufacturing displays of the present invention are simi- 
lar to those used for prior art liquid crystal displays, which 
allows existing plant to be utilized in manufacturing the 
present displays. 

[0074] Section B : Optical switches based upon electrophoretic or dielec- 
trophoretic motion of particles 

[0075] As already mentioned, in another principal aspect this in- 
vention provides an optical switch based upon elec- 
trophoretic or dielectrophoretic motion of particles. 

[0076] The ability to switch optical signals at telecommunications 
wavelengths is a very important process for network rout- 
ing and provisioning. Thus, there is an ongoing search for 
methods and apparatus to accomplish this switching in a 
low-cost, reliable, low-power, robust and easy to manu- 


facture manner. The primary technology developed for 
such switching is adjustment of the index of refraction of 
thin-film silica waveguides by locally changing the tem- 
perature of the structure. Other possible solutions being 
investigated include free-space routing using microelec- 
tromechanical systems (MEMS) based micro-mirror arrays, 
and the use of inkjet technology to inject bubbles into 
channels within waveguides. 
[0077] The present invention provides an optical switch in which 
an electrophoretic medium is in intimate contact with the 
core of a thin film waveguide having a core and a 
cladding. The electrophoretic medium comprises a sus- 
pending fluid and a plurality of electrically charged parti- 
cles suspended in the suspending fluid and capable of 
moving therethrough upon application of an electric field 
to the capsule. The charged particles and the suspending 
fluid differ in refractive index; typically, the particles will 
have a higher refractive index than the suspending fluid, 
and the description of the invention below will normally 
assume that this is the case, although it will be apparent 
to those skilled in optics that the invention will function 
with particles having a lower refractive index than the 
suspending fluid. Neither the particles nor the suspending 


fluid need be colored in the normal sense of that term; the 
particles may be formed from a high refractive index pig- 
ment such as titania, which is white. The suspending fluid 
and the particles may or may not be encapsulated in a 
plurality of capsules. 
[0078] | n one embodiment of the present switch, in the "on" 
state, the particles are driven electrophoretically away 
from the waveguide core, so that the effective refractive 
index of the portion of the "cladding" occupied by the 
electrophoretic medium is that of the suspending fluid. 
Consequently, light passing along the core remains within 
the core and passes through the switch without significant 
attenuation. However, in the "off" state of the optical 
switch, the particles are driven electrophoretically into 
contact with the waveguide core, so that the effective re- 
fractive index of the portion of the "cladding" occupied by 
the electrophoretic medium is that of the "pack" of pig- 
ment particles, and this pack is closely enough to the core 
to couple optically therewith. Since the effective refractive 
index is now substantially higher, provided the refractive 
index of the pack is higher than that of the core, light 
passing along the core passes into the electrophoretic 
medium and does not pass through the switch. (It will be 


appreciated that if the suspending fluid has a higher re- 
fractive index than the particles, the on and off states of 
the switch will be reversed.) 

[0079] | n another embodiment of the present switch, the change 
in effective refractive index is not sufficient to cause light 
passing along the core to be diverted into the elec- 
trophoretic medium, but is sufficient to cause a phase 
shift in the light passing through the switch. The switch is 
placed in one arm of a Mach-Zender (or similar) interfer- 
ometer, so that the phase shift effected by the switch 
modulates the output of the interferometer. 

[0080] The present invention also provides an optical switch 
based upon dielectrophoretic movement of particles. In 
this embodiment, an electrophoretic medium comprising 
electrically charged particles and a suspending fluid is 
placed with an opening in a waveguide, this opening be- 
ing provided with electrodes disposed so that if a direct 
current voltage is applied across the electrodes, the parti- 
cles will move adjacent one face of the waveguide, which 
will therefore be occluded, with attenuation of the light 
passing along the waveguide. However, if an alternating 
current voltage of sufficient frequency is applied across 
the electrodes, the particles move towards the outer pe- 


riphery of the opening, the region of highest field gradi- 
ent, leaving the center of the opening free from particles 
(i.e., free from scattering centers) so that light passing 
along the waveguide passes freely through the opening 
with essentially no attenuation. The dielectric properties 
of the particles and suspending fluid (and any binder 
present) should of course be optimized to produce the 
desired behavior. It is presently preferred that the dielec- 
tric constant of any binder present be higher than that of 
the suspending fluid, and that the dielectric constant of 
the particles also be higher than that of the suspending 
fluid. Further guidance regarding choice of materials for 
use in dielectrophoretic displays may be found in the 
copending Application Serial No. 10/687,166, filed Octo- 
ber 16, 2003. 

[0081] Figure 2 of the accompanying drawings shows an optical 
switch (generally designated 200) of the present invention 
disposed adjacent an optical waveguide comprising a core 
202 and a cladding 204. Adjacent the waveguide is dis- 
posed an electrophoretic cell comprising a suspending 
fluid 206 having a plurality of particles 208 suspended 
therein, this cell being provided on opposed surfaces with 
electrodes 210 and 212, which are transparent and may 


be formed, for example, from indium tin oxide. These 
electrodes 210 and 212 are provided with a control circuit 
(not shown) to enable the voltage difference between the 
electrodes to be varied. 
[0082] For the sake of illustration, it is assumed that the particles 
208 are titania particles bearing a negative charge and 
having a higher refractive index than the suspending fluid 
206, which will typically be a hydrocarbon. Figure 2 shows 
the switch in its off position. To reach this off position, 
the electrode 212 adjacent the core 202 is made positive 
relative to the other electrode 210, so that the negatively 
charged particles 208 move adjacent the electrode 212, 
thus raising the effective refractive index of the medium 
adjacent the core 202 and causing light passing along this 
core to be diverted into the particles 208, so that the light 
is attenuated. When it is desired that light pass freely 
along the core 202, the electrode 212 is made negative 
relative to the other electrode 210, so that the negatively 
charged particles 208 move adjacent the electrode 210 
and the effective refractive index of the medium adjacent 
the core 202 is the low refractive index of the suspending 
fluid 206. Under these conditions, light does not leave the 
core 202 but passes freely therethrough without any sig- 


nificant attenuation in the optical switch 200. 

[0083] Figure 3 of the accompanying drawings shows, in a highly 
schematic manner, an optical switch of the present inven- 
tion being used to control light passing through a Mach- 
Zender interferometer (generally designated 300). This in- 
terferometer 300 has an input waveguide 302, an output 
waveguide 304, a modulating arm 306 and a reference 
arm 308. An optical switch 310, substantially similar in 
construction to that shown in Figure 2, is provided in the 
modulating arm 306. As previously described, the optical 
switch 310 is arranged so that, in its off position, it 
causes a phase shift in light passing along the modulating 
arm 306, thereby modulating the intensity of the light in 
the output waveguide 304. 

[0084] Figure 4 of the accompanying drawings is a schematic 
section through an optical switch (generally designated 
400) of the present invention which makes use of dielec- 
trophoretic movement of particles. The switch is used in 
conjunction with a waveguide comprising a core 402 and 
a cladding 404. A recess is formed in the waveguide ex- 
tending across the whole cross-section of the core 402 
and this recess is filled with an electrophoretic medium 
comprising a transparent suspending fluid 406 and elec- 


trically charged particles 408. Transparent electrodes 410 
and 412 are provided on the end walls of the recess, these 
electrodes 410 and 412 extending across the whole 
cross-section of the core 402. 

[0085] Figure 4 shows the switch in its on position, in which it 
does not attenuate light passing along the core 402. To 
reach this on position, a high frequency alternating volt- 
age is applied across the electrodes 410 and 412, thus 
driving the particles 408 to the outside central portion of 
the recess, as illustrated in Figure 4. In this position, light 
from the core on one side of the switch can pass through 
the electrodes 410 and 412 and the transparent suspend- 
ing fluid 406 without striking the particles 408, and can 
thus reach the core on the other side of the switch without 
substantial attenuation. To set the switch to the off posi- 
tion, a direct current voltage is applied across the elec- 
trodes 410 and 412, thus driving the particles 408 adja- 
cent one of the electrodes 410 and 412. In this position, 
the particles 408 prevent light from the core on one side 
of the switch passing through the recess and reaching the 
core on the other side of the switch. 

[0086] From the foregoing description, it will be seen that the 
present invention provides an optical switch, based upon 


electrophoretic or dielectrophoretic motion of particles, 
which is simple and inexpensive to construct and which 
has the advantages of bistability (since once the switch 
has been placed in the desired state it will remain in this 
state for a substantial period even after the electrical field 
is removed) and low power consumption. Most other ap- 
proaches to optical switches require continuous power to 
maintain the desired state, which results not only in in- 
creased energy consumption but leads to an undefined 
power-off state. 

[0087] Section C : An electrophoretic display using lateral motion of parti- 
cles 

[0088] | n another aspect, this invention provides an elec- 
trophoretic display using lateral motion of particles. 

[0089] As discussed in the aforementioned E Ink and MIT patents 
and applications, most electrophoretic displays are 
opaque and operate in reflective mode. However, shutter 
mode electrophoretic displays are known; see for example 
the aforementioned U.S. Patent No. 6,130,774. In such 
shutter mode displays, the capsules have a light- 
transmitting state, in which the electrophoretic particles 
are gathered into a minor part of the cross-section of 
each capsule, so that the major part of this cross-section 


transmits light. The capsules also have a light-blocking 
state, in which the electrophoretic particles are dispersed 
across a major part (and preferably the whole) of the 
cross-section of each capsule, so that the capsules block 
the passage of light therethrough. The movement of the 
electrophoretic particles between the minor and major 
parts of the cross-section may be effected by providing 
the capsule with two electrodes of unequal size or by 
forming a tapered capsule having wide and narrow ends; 
both arrangements are fully described in the aforemen- 
tioned U.S. Patent No. 6,130,774. 

[0090] The present invention provides a shutter mode elec- 
trophoretic display in which the transition between the 
light-transmitting and light-blocking states is effected by 
movement of electrophoretic particles laterally relative to 
the viewing surface of the display. In the light-blocking 
state, the particles are dispersed across the whole area of 
a pixel of the display. However, in the light-transmitting 
state, the particles are moved adjacent an electrode so 
that the particles occupy only a small part of the area of a 
pixel, which thus becomes light-transmissive. 

[0091] There are numerous possible variants of such a display. 
The electrophoretic particles may be encapsulated in a 


plurality of capsules or retained within a plurality of mi- 
crocells. If the display comprises a plurality of capsules, 
these capsules could be located within apertures of a sup- 
port structure, with the members of the support structure 
forming the electrodes. For example, the support struc- 
ture could have the form of a series of channels in which 
the capsules are held, with the walls of the channels car- 
rying spaced electrodes arranged to move the particles 
laterally relative the viewing surface. 
[0092] a display (generally designated 500) of this type is illus- 
trated in Figure 5 of the accompanying drawings. The dis- 
play 500 comprises a support structure including a base 
plate (or rear substrate) 502 and a plurality of divider 
members (or side walls) 504, which extend upwardly (as 
illustrated in Figure 5) from the base plate 502. The di- 
vider members carry electrodes 506 and 508 on their op- 
posed vertical surfaces; the electrodes 506 are continuous 
along the vertical surface of each divider member 504, 
whereas the electrodes 508 are interrupted at regular in- 
tervals to form a plurality of discrete electrodes, each of 
which defines one pixel of the display. The electrodes 506 
and 508 are connected to control circuitry (not shown) 
which enables the voltage applied to each electrode 508 


to be varied independently relative to the facing electrode 
506. 

[0093] As shown in Figure 5, the divider members 504 and the 
structures, formed by the divider members 504 together 
with the electrodes 506 and 508, define a plurality of par- 
allel channels (cavities), and in these channels are accom- 
modated a plurality of capsules (generally designated 
510). Each capsule 510 comprises a capsule wall 512, a 
suspending fluid 514 and a plurality of a single type of 
electrically charged light absorbing particle 516 
(conveniently formed of carbon black) suspended in the 
suspending fluid 514. A protective front layer (front sub- 
strate) 518, which forms the viewing surface through 
which an observer views the display, is provided to seal 
the capsules 510 within the channels, and a reflective 
coating 520 is provided on the portions of the base plate 
502 lying adjacent the capsules 510. 

[0094] The capsules 510 are shown in Figure 5 in their light- 
blocking state, in which the particles 516 are dispersed 
throughout the suspending fluid 514, so that the relevant 
pixels of the display appear black. This light-blocking 
state may be achieved by applying a high frequency alter- 
nating voltage across the electrodes 506 and 508 to pro- 


vide the necessary dispersion of the particles 516 
throughout the suspending fluid 514. To achieve a light- 
transmissive state, a direct current voltage is applied 
across the electrodes 506 and 508 for a period sufficient 
to cause all the particles 516 to approach closely one of 
the electrodes 506 and 508, depending of course upon 
the polarity of the applied electric field and the charge on 
the particles. Thus, the major part of the area of the rele- 
vant pixel is now free from the particles 516, the reflective 
coating 520 is visible to the observer and the pixel ap- 
pears white. 

[0095] it may be convenient when rewriting the display 500 to 
first drive all the pixels black by applying the same alter- 
nating voltage across all the electrodes 506 and 508, and 
then to turn the desired pixels white by applying the di- 
rect current voltage. 

[0096] From the foregoing description, it will be seen that the 
present invention provides shutter mode electrophoretic 
displays which are simple and inexpensive to construct. 

[0097] Numerous changes and modifications can be made in the 
preferred embodiments of the present invention already 
described without departing from the spirit and skill of 
the invention. Accordingly, the foregoing description is to 


be construed in an illustrative and not in a limitative 
sense. 


